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ABSTRACT 

An experimental investigation was made to deter- 
mine the effect of atomizing-gas mass-flux and tempera- 
ture on liquid-jet breakup in sonic-velocity gasflow. 
Characteristic dropsize data were obtained by using the 
following atomizing-gases : nitrogen, argon and helium 
to breakup water jets in high-velocity gasflow. A scat- 
tered-light scanning instrument developed at NASA Lewis 
Research Center was used to measure S MD, Sauter mean 
diameter, i.e., D 32 . The three gases gave a molecular 
weight range of 4 to 40 and atomizing-gas mass-flux and 
temperature were varied from 6 to 50 g/cm -s and 275 to 
400 K, respectively. The ratio of liquid-jet diameter 
to SMD, D 0 /D 32 , was correlated with aerodynamic and 
liquid-surface force ratios, i.e., the product of the 
Weber and Reynolds number, We Re, the gas-to-liquid 
density ratio, P P l a ^d also the molecular— scale 
dimensionless group, gi ye the following 

expression : 

D 0 /D 32 = 0.90x 10' 8 (VVe Re pjnf h §)° 6 ' 

where We Re = p^D^V^/p is liquid viscosity, o is 

surface tension, V c is acoustic gas velocity, V m is 
RMS velocity of gas molecules, g is acceleration of 
gas molecules due to gravity. Good agreement was 
obtained with atomization theory for liquid- jet breakup 
in the regime of aerodynamic stripping. Also, due to 
its low molecular weight and high acoustic velocity, 
helium was considerably more effective than nitrogen or 
argon in producing small-droplet sprays with values of 
D 32 on the order of 5 /im. 

NOMENCLATURE 

A o atomizer orifice area, cm 2 

D.^ diameter of i th drop, cm 

D q diameter of liquid jet 


3 ^ 2 

D 32 Sauter mean drop diameter, n i D i j cm 

k correlation coefficient for gas mass-flux 

k' correlation coefficient for Eq. (1) 

k* correlation coefficient for Eq. (3) 

M molecular weight of gas 
n number of drops 

R gas constant, 8.31 J/kmol K 

Re Reynolds number, 

V fluid velocity, cm/s 

We Weber number, D 0 p g V' c fa 

7 kinematic viscosity, cm 2 /s 

(7 surface tension of liquid relative to air, 

dynes/cm 

p absolute viscosity, g/cm s 

p fluid density, g/cm 3 

Subscripts : 
c acoustic 

g gas 

1 liquid 

m molecular 

INTRODUCTION 

Liquid jets of fuel disintegrating into clouds of 
very small drops can create large liquid surface-areas 
for highly efficient combustion of fuel sprays in gas- 
turbine and rocket combustors. However, in order to 
calculate vaporization and burning rates of fuel drop- 
lets, data are needed to characterize the spray in 
terms of dropsize distribution and mean drop sizes such 
as the Sauter mean diameter, D 32 . These data can then 
be used to derive mathematical expressions that will 
adequately describe two-fluid atomization as a process 
in which a wide variety of liquid fuels and atomizing- 
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Figure 1 —Atmospheric pressure test section and optical path of scattered-light scanner. 


gas combinations can be used to enhance spray combus- 
tion and yield high combustor performance over a wide 
range of operating conditions. 

The effect of atomizing-gas temperature on fuel 
spray dropsize is somewhat complicated because gas 
temperature not only determines gas properties such as 
density and viscosity but it can also effect liquid 
surface temperature which in turn controls liquid prop- 
erties, i.e., viscosity, density and surface tension. 
The effect of gas mass-flux on spray dropsize was 
investigated by Ingebo (1989) and it was found that 

reciprocal Sauter mean diameter, D”^ , varied directly 
with gas mass-flux, /> g V c , raised to 32 the 133 power. If 
only gas mass-flux controlled dropsize, Ingebo’s (1989) 

results would predict that D 32 ~ T° 67 . However, since 
it was also found that D 32 ~ (/^/^a ) 0,44 it is appar- 
ent that liquid-surface temperature can effect D 33 
when it is affected by heat transfer from the 
atomizing-gas, especially when temperature gradients 
are high. 

The ratio of liquid-jet diameter to SMD was also 
found by Ingebo (1989) to be a function of Weber num- 
ber, We, Reynolds number, Re, and other dimensionless 

groups as follows: D o /D 32 = f(We, Re, p R /p 1 , />,V^/gp g ) 

where PjP\> is the gas-to- liquid density ratio, V m 
is RMS velocity of gas molecules, g is acceleration of 
gas-molecules due to gravity and p is gas viscosity. 
Nitrogen, argon, helium and carbon iioxide were used as 
atomizing gases with two-fluid nozzles, at a gas tem- 
perature of 293 K. As a continuation of that study, 
dropsize data were obtained in the present study, over 
an atomizing-gas temperature range of 275 to 400 K, 
using helium, argon and nitrogen gases. A number of 
studies of the effect of fluid properties on liquid-jet 
atomization have been reported in the literature. 

Ingebo (1989) found that acoustic mass-flux, p V , had 
the greatest effect on fineness of atomization^oltained 
with two-fluid nozzles. However at present, the effect 


of gas temperature on spray dropsize has not been well 
established in the spray literature, as indicated by 
Kim and Marshall (1971) , Lorenzetto and Lefebvre 
(1977), Nukiyama and Tanasawa (1939), Weiss and Worsham 
(1959), and Wolf and Anderson (1965). 

Two-phase flow in fuel nozzles was experimentally 
investigated to determine the effect of atomizing-gas 
mass-flux and temperature on spray dropsize produced by 
liquid- jet breakup in high-velocity gas streams. Char- 
acteristic dropsize, D 32 , was measured with a 
scattered-light scanner developed at the NASA Lewis 
Research Center by Buchele (1988) . Sprays were sampled 
at a distance of 2.2 cm downstream of the fuel nozzle 
orifice to minimize the loss of small drops due to 
vaporization (Ingebo, 1988). Sauter mean diameters 
varying from 3 to 30 pm were produced by the breakup of 
small-diameter liquid jets in high-velocity gasflow. 

APPARATUS AND PROCEDURE 

The two-fluid fuel nozzle using assist gasflow is 
shown in Fig. 1 . It was mounted at the center line of 
the 24-cm diameter duct and operated over pressure 
ranges of 0.2 to 1.0 MPa for both water and the atomiz- 
ing gas. Water sprays were injected downstream into 
the airflow, just upstream of the duct exit, and sam- 
pled at a distance of 2.2 cm downstream of the atomizer 
orifice with the 5.0-cm diameter laser beam. The two 
fluid -nozzle was fabricated according to the diagram 
illustrated in Fig. 2 , with an orifice diameter of 
0.32 cm. Water at a temperature of 293 K was axially 
injected into the airstream by gradually opening the 
control valve until the desired flowrate of 3.15 g/s 
was obtained as indicated by a turbine flowmeter. The 
atomizing gas was then turned on and weight flowrate 
was measured with a 0.51-cm diameter sharp-edge ori- 
fice. After the air, atomizing-gas and water flowrates 
were set, the SMD, D 32 , was measured with the 
scattered-light scanner. 
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Figure 2 —Diagram of pneumatic two-fluid atomizer. 


The optical system of the scattered-light scanner 
shown in Fig. 1 consisted of a laser beam expander with 
a spatial filter, rotating scanning-slit and a detec- 
tor. The instrument measures scattered light as a 
function of scattering angle by repeatedly sweeping a 
variable- length slit in the focal plane of the collect- 
ing lens. The data obtained is scattered-light energy 
as a function of the scattering angle relative to the 
laser beam axis. This method of particle size measure- 
ment is similar to that described by Swithenbank, 
et al. (1977). According to Buchele (1988), measure- . 
ments of scattered-light energy normalized by the maxi- 
mum energy and plotted against scattering angle can be 
used to determine the Sauter mean diameter, D 32 , as 
illustrated in Fig. 3. The dispersion of the size 
distribution can also be determined from this plot. 

Also, this method of determining characteristic drop- 
size and dispersion of dropsize can be used independent 
of the particle size distribution function, according 
to Buchele (1988). For a typical measurement, the scan 
is repeated 60 times per second to average out any tem- 
poral variations in the energy curve. 

Spray pattern effects were minimized by measuring 
characteristic drop diameter, D 32 > for the entire cloud 
of droplets. Calibration was accomplished with five 
sets of monosized polystyrene spheres having diameters 
of 8, 12, 25, 50, and 100 pm. Since the sprays were 
sampled very close to the atomizer orifice, they con- 
tained a relatively high-number density of very small 
drops. As a result, the light-scattering measurements 
required correction for multiple scattering as 
described by Felton, et al . (1985). Also, dropsize 
measurements were corrected to include Mie scattering 
theory when very small drop diameters, i.e., <10 pm, 
were measured. Reproducibility tests gave experimental 
dropsize measurements that agreed within ±5 percent. 
Background effects due to severe gas-density gradients 
were negligible due to taking background readings with 
a high-temperature atomizing-gas flowing through the 
nozzle and thereby obtaining corrected light-scattering 
curves for the spray tests. 

EXPERIMENTAL RESULTS 

Three atomizing-gases , i.e., helium, nitrogen and 
argon, were used with a two-fluid fuel nozzle to study 
the effect of heat and momentum transfer from high 
velocity gasflow to disintegrating liquid jets. Tests 
were made to determine the effects of atomizing-gas 
mass-flux and temperature on spray dropsize. Correla- 
tions of normalized reciprocal SMD’s with dimensionless 
force ratios were obtained. Also, a new dimensionless 
group was derived to correlate dropsize data with 
atomizing-gas and liquid- jet properties. 


Effect of Atomizing-Gas Mass-Flux and Temperature on 
Reciprocal SMD , 

For each of the three atomizing gases, values of 
reciprocal SMD were measured and plotted against gas 
mass-flux at three different atomizing-gas tempera- 
tures, as shown in Figs. 4(a) to (c) . From this plot, 

it is evident that: * k(p VJ 1,33 . This agrees well 

with atomization theory given t>y Adelberg (1986) , which 
predicts an exponent of 1.33 for gas velocity. 

In Table I, values of exponent n obtained from 
the spray literature are compared with the value of 
1.33 obtained in the present study. Values of n less 
than that are attributed to losses of small drops due 
to vaporization. Ingebo (1988) found that the exponent 
for atomizing-gas mass-flux varied from n = 1.33 at a 
sampling location of x - 2.2 cm downstream of the noz- 
zle, to n = 1.2 at x * 4.4 cm and as low as n = 1.0 
at x + 6.7 cm . Even at an atomizing-gas temperature 
of 400 K, the value of n remained at 1.33, which 
indicates there was a negligible loss of small drops 
due to vaporization. Also, since gas mass-flux is 
directly proportional to the atomizing-gas pressure and 

~ (^c) 1 ' 33 , ^he dropsize data show that D 32 ~ P g 

The mass-flux proportionality constant, k, is a 
function of atomizing-gas and liquid-jet properties. 



Figure 3.— Typical scattered-light energy 
curve with four characteristic diameters. 
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Figure 4.— Variation of reciprocal 
SMD with gas mass-flux, p g v c , 
for nitrogen, argon and helium. 


TABLE I. - MASS-FLUX OR GAS VELOCITY 
EXPONENT, n, FOR LIQUID- JET BREAKUP 
IN HIGH VELOCITY GASFLOW 


Source 

Exponent n 

Adelberg, 1986, theory 

1.33 

Present study, x = 2.2 cm 

1.33 

Kim and Marshall, 1971 

*1.14 

Lorenzetto and Lefebvre, 1977 

1.00 

Nukiyama and Tanasawa, 1939 

1.00 

x = 5 to 25 cm 


Weiss and Worsham, 1959 

*1.33 

Wolf and Anderson 

1.33 


*Dropsize data for wax spheres. 



Atomizing-gas temperature, T g , K 


Figure 5. — Variation of gas mass-flux 
proportionality constant, k, with atom- 
izing-gas temperature, T g . 
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Values of k at the three different atomizing-gas tem- 
peratures are given in Table II for the three gases. 
They clearly show the marked improvement that is 
obtained in fineness of atomization when a low molecu- 
lar weight gas such as helium is used as the atomizing 
gas for two-fluid nozzles operating at acoustic gas 
velocities. The large liquid-surface areas per unit 
volume of liquid, i.e., large values of reciprocal SMD 
obtained with helium, is attributed to its low molecu- 
lar weight and therefore high acoustic velocity. On 
the other hand, the higher molecular weight and rela- 
tively low acoustic velocity of argon makes it much 
less efficient as an atomizing gas for two-fluid fuel 
nozzles . 

To determine the effect of atomizing-gas tempera- 
ture on reciprocal SMD, values of k were plotted 
against T as shown in Fig. 5. From this plot it is 
® -l 

evident that D 32 - T g , for the three atomizing gases. 

Thus, the following expression is obtained: k = C T , 

where C = 0.186, 0.028 and 0.020 for helium, nitrogen 

and argon, respectively, and k = /(PgV c ) 133 . 


TABLE II. - MASS-FLUX PROPORTIONALITY 
CONSTANT, k, VALUES 


Argon 

Nitrogen 

Helium 

T 8> k 

k 

T g > K 

k 

T 8 , k 

k 

360 

6.5 

400 

12.4 

360 

70 

294 

5.3 

294 

8.6 

294 

58 

240 

4.7 

250 

7.0 

240 

44 



P| v m 3/ ^ig 


Figure 6.— Correlation of gas mass-flux proportion- 
ality constant, k, with molecular-scale dimension- 
less group, p|V m 3 /p,g. 

group, g,was plotted against gas mass-flux 

proportionality constant, k, as shown in Fig. 6. From 
this plot the following expression is obtained: 



Equations (1) and (2) may be combined to give the 
following expression: 

D 0 /D 32 = k* (we R^i) 0 '% V LA-. s ) 0 67 {3) 


TABLE III. - COEFFICIENT, k\ 
FOR EQUATION (1) 


Argon 

Nitrogen 

Helium 

T s , k 

k 

T 8 , K 

k 

V K 

k 

360 

4.1 

400 

7.8 

360 

44 

294 

3.3 

294 

5.4 

294 

36 

240 

2.9 

250 

4.4 

240 

28 


By plotting D q /D 33 against the dimensionless 
groups, as shown in Fig. 7, all of the dropsize data 
was used to evaluate the single correlating coeffi- 
cient, k*, and it was found that k* = 0.90xl0“ 8 . In 
terms of atomizing-gas mass-flux, /? V c , Eq. (3) may be 
rewritten as follows: 

D„/D„ .O.SOxlO-'jD;/,,,,.) 0 " 

* »r 


Correlation of Normalized Reciprocal SMD with Dimen- 
sionless Groups 

In studying liquid-jet disintegration in high- 
velocity nitrogen gasflow, as reported by Ingebo 
(1989) , it was found that the reciprocal of the normal- 
ized SMD, (D 3a /D o ) -1 , could be directly correlated with 

the product of the Weber and Reynolds numbers, We Re, 
multiplied by the gas-to-liquid density ratio, 
as follows: 

D 0 /D 32 = k'(We Re,,/,,) 0 ’ 44 (1) 

2 2 „3 / 

where We Re = and V c is acoustic gas- 

velocity. Values of k' are given in Table III. 

To obtain a single correlating coefficient, k* , 
over the range of atomizing-gas molecular weights and 
temperatures that were investigated, a dimensionless 

group, pjVj LAi e- was derived by means of dimensional 
analyses, as demonstrated in the Appendix. To deter- 
mine its effect on spray dropsize, the dimensionless 


where p V = W /A . From this expression, it is evi- 
dent that the gas properties, i.e., acoustic gas- 
velocity, V , and molecular gas-velocity, V , have the 
greatest effect on reciprocal SMD. By increasing gas 
temperature and using a low molecular weight gas, the 
spray surface-area per unit volume of liquid was mark- 
edly increased. In terms of liquid properties, the 

expression shows that D 32 ~ 23 and 1,11 . 

In determining the effect of atomizing-gas temper- 
ature on spray surface-area, it appeared that the new 

dimensionless group, P\^ m jp\ n °t only accounted for 


this effect, it also correlates gas molecular-weight 
with characteristic dropsize. Also, heat transfer to 
the spray, especially at elevated gas temperatures, was 
assumed negligible in terms of drop vaporization or 
heating up of the liquid-jet surface. Liquid viscos- 
ity, surface tension and density were all evaluated at 
the liquid injection temperature of 293 K. By sampling 
close to the atomizer orifice, the loss of small drop- 
lets due to vaporization was negligible and effects of 
gas mass-flux on dropsize agreed well with atomization 
theory (Adelberg, 1986) . 
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(WeRe P g /Pf )* 44 (p,V m 3/ 4| g).67 


Figure 7 —Correlation of normalized reciprocal 
Sauter mean diameter with dimensionless 
groups. 


CONCLUDING REMARKS 

In this study of two-phase flow, it was found that 
atomi zing-gas temperature and molecular weight are two 
very important basic properties that contribute marked- 
ly to atomization efficiency in producing sprays with 
large surface-areas per unit volume of liquid, i.e., 

large values of reciprocal SMD, D~* . This is primar- 
ily due to their effect on atomizing-gas acoustic- 
velocity, V^., and RMS molecular-velocity, V B , since 
both vary directly with the square root of gas tempera- 
ture and inversely with the square root of gas molecu- 
lar weight. Also, it was found that momentum transfer, 
i.e,, gas mass-flux V c , appeared to control the 

process of liquid-jet breakup to such an extent that 
heat transfer effects were negligible. Since droplet 
vaporization was negligible, liquid- jet physical prop- 
erties were evaluated at the liquid-jet injection tem- 
perature, 293 K. 

A new dimensionless group, g, was needed 

to obtain a correlating expression for the three atom- 
izing gases. In a previous study (Ingebo, 1989), gas 
viscosity was used instead of liquid viscosity, in a 
similar grouping of physical properties. However, the 
present study shows that although gas temperature was 
varied from 275 to 400 K, gas viscosity effects 
appeared negligible. Therefore, liquid viscosity is 

used in the new dimensionless group, which 

could be rewritten as j where 7^ is kinematic 

liquid viscosity. Further studies are needed to deter- 
mine the effect of liquid-jet temperature on SMD. 


APPENDIX - DEVIATION OF NEW DIMENSIONLESS GROUP 

A molecular-scale momentum transfer group was 
derived by means of dimensional analysis in the follow- 
ing manner. The normalized reciprocal Sauter mean 
diameter, D Q /D^ a , produced by liquid- jet breakup with 
two-fluid atomizers is assumed to be a function of the 
RMS velocity of the gas molecules, V , the acceleration 
of gas molecules due to gravity, g, Tiquid viscosity, 
/*;> and liquid density, p ± . Using dimensional analy- 
sis, the following expression is obtained: 

D o/D32 - f( V m , />„ g) W 


where V m = ^3RT g /M g , (Glasstone, 1946). By rewrit- 
ing Eq. (5), as follows: 

D„/d 32 =f(/> 1 ) a (VJ b (g)‘(M 1 ) d (6) 

This equation can be expressed in terms of the mass- 
length-time system (where M is mass, L is length and 
T is time) to give: 

D 0 / Dj 2 = f(M/L 3 )*(L/T) b (l/T 2 ) C (M/LT) d < 7 ) 

so that for: 

M, 0 = a + d 
T, 0 = -b -2c -d 
L, 0 = -3a +b +c -d 
which may be rewritten as: 

a = -d 

b = -2c -d = -3d 
c = 3a -b +d 

Substituting these values into Eq. (6) gives: 

d 0 /d 32 - ^ 

where the exponent is to be evaluated experimentally. 
Also, Eq. (8) may be rewritten in terms of kinematic 
liquid viscosity, J 1 , as follows: 

D„/d 32 -f(v^/g 7l )- d (9) 
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